Results
The pattern of Twist-1 and -2 expression during osteocells expressed Runx2 but not Twist-1 (Figures 1J-1L) .
blast differentiation and the rescue of the Runx2 haploinAt E15, Runx2 expression had become stronger and sufficiency phenotype by Twists' inactivation support broader, while Twist-1 expression was now markedly the hypothesis that Twist-1 and -2 inhibit osteoblast decreased ( Figures 1M and 1N ). Bsp expression was differentiation. To determine if that is the case, we anahigher in cells of the parietal and temporal bones in which lyzed skulls of Twist-1 ϩ/Ϫ embryos using mineralized Twist-1 expression was low and Runx2 expression high trabeculae and Osteocalcin-expressing cells as indica- (Figures 1M-1O) .
tors of differentiated osteoblasts in this structure ossiThe similarity of sequence between Twist-1 and -2 fying through an intramembranous process. In E15 emprompted us to compare Twist-2, Runx, and Bsp expresbryos, there were virtually no mineralized trabeculae in sion in the developing skeleton. At E12 and E13, Twist-2 wild-type (wt) future parietal bone. In contrast, they were was coexpressed with Runx2 in cells of the developing already present in Twist-1 ϩ/Ϫ parietal bones and exfore-and hindlimbs, the ribs, and vertebrae (Figures 1P tended toward the midline (Figures 3Ba and 3Bb) . Osteoand 1Q and data not shown). At that stage, we could not calcin was not expressed in E15 wt parietal bone at detect Bsp expression in any of these skeletal elements that stage, while it was already detectable in Twist-1 ϩ/Ϫ ( Figure 1R and data not shown). In contrast, at E14, parietal bone and extended toward the midline (Figures Twist-2 expression has disappeared in Runx2-express3Be and 3Bf). At E16, mineralized trabeculae were presing cells of the forelimbs, ribs, and vertebrae where ent in both wt and Twist-1 ϩ/Ϫ parietal bones; however, Bsp expression was now detected, indicating that osthey extended significantly further toward the midline teoblast differentiation has occurred ( Figures 1S-1U and in Twist-1 ϩ/Ϫ than in wt parietal bones (Figures 3Bc and data not shown). Taken together, these data suggest 3Bd). There was expression of Osteocalcin in a small that osteoblast differentiation occurs only after Twist area of the wt parietal bones, while the zone of Osteocalgene expression decreases.
cin-expressing cells extended further toward the midline in Twist-1 ϩ/Ϫ embryos (Figure 3Bg and 3Bh) . At P2, mineralized trabeculae had now reached the midline suture Genetic Interaction between Twists and Runx2 To assess if there was a genetic interaction between in Twist-1 ϩ/Ϫ but not in wt skulls (Figures 3Ca and 3Cb) . Likewise, Osteocalcin expression could be detected Twist genes and Runx2, we generated mice heterozygous for both Twist-1 and Runx2 inactivation or homozyon both sides of the suture and reached the midline in P2 Twist-1 ϩ/Ϫ but not in wt skulls (Figures 3Cc and gous for Twist-2 inactivation and heterozygous for Runx2 Figure  7B ). Moreover, CC/ϩ mice have a craniosysnostosis efficient than Twist-1 in preventing Runx2 from binding to DNA ( Figure 6E, lanes 1-5) . This inhibition was spephenotype with irregular lamboidal and coronal suture lines ( Figure 6C ). This skeletal phenotype and the biocific, as CREB did not inhibit Runx2's binding to DNA. Conversely, Twist-1 did not inhibit CREB binding to DNA chemical data established that the CC/ϩ mutation is a loss-of-function allele for Twist box function. We then ( Figure 6E, lane 6, and data not shown) . In the reverse experiment, nuclear extracts of Twist-1 ϩ/Ϫ osteoblasts generated CC/CC mice that died immediately after birth. At E16, CC/CC displayed short limbs and polydactyly showed increased binding ability to the Runx2 binding site but not to an Sp1 binding site ( Figure 6F Figures 7Dc and  7Df, 7Dj, and 7Dn) . Based on histological appearance, E15 CC/CC ribs looked more like E16 than E15 wt ribs. 7Dk). In comparable sections, the bone collar was consistently thinner, and there were no bone trabeculae in E16 CC/CC ribs were surrounded by a thick bone collar the diaphysis of E16 wt ribs (Figures 7Dg and 7Do) (Figures 8Aa-8Ap) . In contrast, we observed a slight increase in ␣1(X) collagen expression intensity transactivating function, and a single amino acid substitution in the Twist box of Twist-1 results in premature in E14 CC/CC ribs compared to wt ribs, suggesting that chondrocyte hypertrophy was advanced in the mutant osteoblast differentiation in vivo. Interestingly, the Twist box is more highly conserved in vertebrates than in ribs. At E15, the same increase in ␣1(X) collagen expression was noticeable in the CC/CC compared to wt ribs invertebrates (Castanon and Baylies, 2002). (Figures 8Ar and 8Av) . At E16, ␣1(X) collagen expression had increased noticeably in wt ribs, while it had markedly Twist Box and Saethre-Chotzen Syndrome decreased in CC/CC ribs (Figures 8As and 8Aw) . At E18, Although there is no mutational hot spot in Twist-1 (Gripp these three genes were not expressed anymore in wt et al., 2000), nearly half of the mutations result in premaand CC/CC ribs (Figures 8Ad, 8Ah, 8Al, 8Ao Twist proteins' antiosteogenic function affects bones domain present in the two Twist proteins, provides the ossifying either through an intramembranous or an enmolecular basis for this inhibition. Eventually, the dedochondral process. Although no premature ossificacrease of Twist genes' expression triggers osteoblast tion outside the skull has been noted in Twist-1 ϩ/Ϫ emdifferentiation defined by expression of genes downbryos, one cannot exclude that a systematic analysis stream of Runx2. This study demonstrates also that of Osteocalcin expression throughout the skeleton of the molecular defect in Saethre-Chotzen syndrome, a these mutant mice may reveal premature osteoblast difskeletal dysplasia caused by haploinsufficiency at the ferentiation. That premature osteoblast differentiation takes place in the CC/CC embryos suggests that it is a TWIST locus, is a premature activity of Runx2. 
